White' reported four cases of cyanotic congenital heart disease. Of particular interest was their description of an 11-year-old boy who had been cyanotic from birth. This patient subsequently developed acute appendicitis with rupture and at postmortem examination he was found to have a ventricular septal defect, marked infundibular pulmonary stenosis, and complete absence of pulmonary valve cusps. Kurtz et al. were unable to find a previously reported case of this type, and Dr. Maude Abbott, in a personal communication, stated that she knew of no case of congenital heart disease in which there was a complete failure of formation of the pulmonary valve leaflets. The clinical and laboratory findings in this patient were rather typical of tetralogy of Fallot except for two interesting features. The first atypical feature was the presence of a definite diastolic thrill over the precordium associated with a loud, coarse, early diastolic murmur. The second unusual feature was a markedly dilated main pulmonary artery.
IN 1927 Kurtz, Sprague, and White' reported four cases of cyanotic congenital heart disease. Of particular interest was their description of an 11-year-old boy who had been cyanotic from birth. This patient subsequently developed acute appendicitis with rupture and at postmortem examination he was found to have a ventricular septal defect, marked infundibular pulmonary stenosis, and complete absence of pulmonary valve cusps. Kurtz et al. were unable to find a previously reported case of this type, and Dr. Maude Abbott, in a personal communication, stated that she knew of no case of congenital heart disease in which there was a complete failure of formation of the pulmonary valve leaflets. The clinical and laboratory findings in this patient were rather typical of tetralogy of Fallot except for two interesting features. The first atypical feature was the presence of a definite diastolic thrill over the precordium associated with a loud, coarse, early diastolic murmur. The second unusual feature was a markedly dilated main pulmonary artery.
In 1958 we presented a preliminary report2 of a series of six patients with tetralogy of Fallot and aneurysmal dilatation of the pulmonary artery. These patients also had the above-described loud, coarse, early diastolic murmur, and in three of them complete absence of pulmonary valve cusps was demonstrated at autopsy. Since that time we have been able to examine the region of the pul-nmonary valve in three additional patients at the time of surgery, and absence of the pulmonary valve was confirmed. In this report the clinical, physiologic, and pathologic data on these six patients are presented in detail and we have added a seventh case.
Case Material
The clinical data in these patients are summarized in table 1. In the three youngest patients symptoms of respiratory obstruction were a striking feature. This was caused by compression of the left main bronchus by the markedly dilated pulmonary artery. In two infants (cases 1 and 2) the bronchial obstruction produced obstructive emphysema with a marked shift of the mediastinum to the right ( fig. 1 ). In all three patients dyspnea at rest was noted, all were eyanotic, and all had clinical findings of bronchial obstruction. A systolic thrill was palpable just to the right of the sternum in the second and third left interspaces. There was a harsh, rather coarse, stenotic systolic murmur in the same area. The second heart sound was not audible in the second interspace and was diminished but easily heard and single, in the fourth left interspace near the sternum. Almost immediately following the second sound was an unusually coarse, early diastolic murmur. The systolic-diastolic murmur, therefore, was not continuous but had a to-and-fro timing not unlike the sound produced when sawing wood.
The clinical findings in the four older children were not complicated by bronchial obstruction. The heart and the mediastinal structures were in normal position and there was no evidence of obstructive emphysema. One of the four was eyanotic at rest (case 4) and another (case 6) became slightly cyanotic on exercise. All four had a definite, lower left ster-all systolic thirtutst. TIlhe fir st hear.t souintl vwas niot emar-kable.. rlTetee was a loudi, gra(le IV to V lharsh stellotic systolie murm-ll-Lut mtiaximluImiii i the second left interspace. 1Tile seconid heart sounid wvas dimini-ished. in inttersity and was single. Followino tlhe second s51d1( b)v a -very slhor t buit dlefilite in-terval tllhtee wvasca louid, grade III rVough, short, early (liMistol1i murmur-. In thils en-tire group of paictits tle sstotl ieo mld(I early diastolic murmurs deseribed were clearly not continuous but lhad a to-and-fro quality with a short pause sep- arating the systolic fromL thle diastolic mllurmur. In tlhe' phonocardiogramn ( fig. 2 ) the stenotic systolic miurmur enids with aortie closure. The early diastolic minurmur thalt follows is clearly separated frotmi it aiid starts whier-e a delayed pulminoniary valve closure mighlt be expeeted to occur. Figure 3B is a plhonocardiotram from a child with tetralogy of Fallot recorded after surg,ery. At the timeof operationi the ventricular septal defect was closed and ani outflow l)atch Awas in-serted across the pulmonary valve riingr with resulting l)uli-ronlary valve insufficiency. As in the child witlh the absent pulmouary valve (fig. 3A) the sylstolic mullrmuilr enlds witlh aortic closure land the early diastolic insufficiency murmur is clearly separated from the termi-Circulation, Volume XXVJ, August 1962 nation of the stei'otie systolie nmuirmnur andl the aortic closure. It appears to I)e initiated here by the (lelayed pulmonary vatlve closure. The two phoiiocardiograms are almost idenltical except for the apparent abseniee of a pulmnonary valve closure soutid in the child vith congrenital absence of the pulmonary valve. In terms of clinical auscultation this early diastolic murimur was elearly one of semilumar valve insufficiency but could not be conifused with the imiurmrlur of aortic insufficieney. It did not start with aortic closure and was definiitely rougher, lower pitched, and somewhat shorter. A soft, apical, middiastolic rumble was heard in two patients who had a left-to-right shunit at the ventricular level. 
Roentgenographic Examination
In six of the sev,en p)atieiits marked (ilatation of the pulmon-ary artery was apparent in the posteroanterior view of the chest (figs. 1 atnd 4). In the three youngest patients (cases 1, 2, and 3), as previously mentioned, there was evidence of bronchial obstruction. The vascular markinigs in the two most eyaniotic infanits were dinminished and in the two children with a left-to-right shunt the vaseularity appeared to be increased. The 5 ). Early appearance of the aorta opacified from the right ventricle was present in the three youngest patients (cases 1, 2, and 3) and also in case 4.
Electrocardiograms
Right ventricular hypertrophy was seen in every case. First degree atrioventricular block was present in case 1. In the four older children rather marked inversion of the T wave in V4R and VI was noted ( fig. 6 ).
Cardiac Catheterization Data (Table 2) The patienits were awake but mildly sedated with a Demerol-Phenergan-Thorazine mixture.
In all the patienits right ventricular pressure was elevated to systemic level. The pulmonary artery was entered in three of the four patients and in each a marked pressure gradienrt was deinonstrated on withdrawing the catheter from the pulmonary artery to the right ventricle. The change in pressure occujrred in the outflow tract of the right ventricle clearly below what might be considered to be the valve area. In three of the patients (cases 4, 6, and 7) the outflow tract of the right ventricle had an unusual sigmoid con- fig. 7 ). Each of the patients had a definitely elevated right ventricular end-diastolic pressure and mean right atrial pressure. The pressure recordings from the pulmonary artery showed diastolic levels that closely approximated the right ventricular end-diastolic pressure.
In two patients (cases 5 and 7) the aorta could be entered easily from the right ventricle. A left-to-right shunt at the ventric- ular level was present in each of the patients studied. A definite right-to-left shunt was present in onie patient (ease 6), anrd in another (case 4) the arterial saturation was 93 per cent.
In summary the cardiac catheterization data showed evidence in every case of a ventricular septal defect. The right ventricular systolic pressures were systemic in level. In the cases in which the pulmonary artery was entered an infundibular pulmonary stenosis was demonstrated as well as an unusually shaped outflow tract. The low pulmonary artery diastolic pressure approximating closely the abnormally elevated right ventricular end-diastolic pressure corresponded to the clinical impression of pulmonary insufficiency. 7) intracardiac surgery was performed durilng which the ventricular septal defect was closed and the infundibular obstruction was removed. In each case the absence of pulmonary valve leaflets was confirmed. These three patients have been improved by operation and 275 t they naow have no cardiac symptoms. In all, the diastolic insufficiency murmur persists but seems definitely softer. In the fourth of these older children (case 4) a Brock type of infundibulectomy was performed at 4 months of age with questionable benefit. He developed progressive cardiac enlargement and huge dilatation of the pulmonary artery as time went by and died suddenly at the age of 71/2 years. One of the infants (case 2) was operated upon in an attempt to relieve his severe symptoms of bronchial obstruction. An exploratory operation through a left thoracotomy was performed when he was 3 years of age. The huge aneurysm of the pulmonary artery had completely flattened and obstructed the left main bronchus; this obstruction was not relieved by lifting the aneurysm. A left pneumonectomy with removal of the aneurysm was attempted but the child died shortly after surgery.
Two infants (cases 1 and 3) died at 2 months and 7 months of age respectively of respiratory obstruction and hypoxia.
Pathologic Studies
Three hearts were available for study. These were weighed and measured in a manner described elsewhere.3 The gross findings of these hearts are presented in table 3 and in figures 8 to 11. The heart of case 3 was completely studied histologically, including the pulmonary valve region and the pulmonary trunk in a mianner described elsewhere.3 Only the pulmonary valve region and the base of the pulmonary trunk were studied in case 2, and case 1 was not studied histologically.
Microscopic Examination
Conduction System (Case 3). There was a slight increase in connective tissue in the penetrating portion of the AV bundle. Otherwise it showed the usual course of the AV node, bundle, and bundle branches in tetralogy of Fallot.4 Myocardium (Case 3). The muscle fibers of the right ventricle were enlarged, and there was a diffuse fine fibroblastic proliferation. In addition there was early vascular necrosis of the myocardium with perivascular infiltration of lymphoid cells and neutrophils.
Pulmonic Vaive Region ( fig. 12 ) (Cases 2 and 3). The basic pathologic change in both these eases was essentially similar. The sinus pocket wall formed the base of what should have been the pulmonary artery. This area was related to epicardium throughout instead of being buried in myocardium in some areas. The sinus pocket wall consisted of an annular core of varying thickness, which was punctuated by numerous spongiosalike areas. As the sinus pocket wall approached the attachment of the pulmonary artery, it became thickened. The nubbin so produced was reminiscent of valvular tissue. Likewise, as the sinus pocket wall approached the myocardium, it thickened and consisted of external spongiosa and internal fibrosa. In a sense, however, the entire sinus region had remnants of valvular tissue. A large subvalvular annulus was present. The base of the pulmonary artery was slightly thinned out in areas and presented an increase in collagen. The subvalvular fibrosa likewise contained many areas of spongiosa-like tissue. Pulmonary Trunk and Main Pulmonary Arteries (Case 3). The pulmonary trunk ( fig. 13 ) was thin in areas and thick in others. The architecture of the artery was markedly altered. A varying amount of media was converted into an intimal structure; that is, the transverse muscle fibers were rearranged into longitudinal fibers, with marked laking of the ground substance. In these regions, the thick transverse elastic lamellae were converted into finer elastic fibers with considerable proliferation of collagen fihers. At the intimal lining, there was often one or several closely packed thick elastic lamellae. The above-described region of converted intima was poorly demarcated from a zone of altered media. In this layer the elastic lamellae were thick but disoriented. Here again there was an increase in collagen. The layer adjacent to this altered media could also be considered media, -or it could be thought of as adventitia.
Here there were sharp transverse elastic lamellae with larger masses of variously oriented collagen fibers. External to this layer was adventitia, which showed an increase in elastic and collagen fibers.
In the thicker areas, there was more coral reefing of the intimal layer, often with an outer "clear" zone.
Right Pulmonary Artery. Here the above-described process was less marked than in the pulmonary trunk with the media in many areas being preserved. However, there was an increase in the collagen in the media, and focally there was marked intimal proliferation with "clear" zones, fragmentation of the elastic lamellae of the media, and thickening of other lamellae.
Left Pulmonary Artery (fig. 14) . Here there was marked proliferation, with layering of the intima, where one saw marked laking, fragmenta-Circulation, Volume XXVI, Augu8t 1962 276 ABSENCE OF PULMONARY VALVE tion of the elastic fibers, and a large external "clear" zone. Beneath this intimal layer, there was a musculo-elastic layer with hypertrophied smooth muscle cells. Subjacent to this layer there was an altered media, with disorientation of the elastic nets, proliferation of collagen, laking, and fragi-lentation of elastic fibers. Beneath this layer, the transverse nets of the media were still visible, but there was thickening with fragmnentation of the elastic fibers and proliferation of collagen. Beneath this layer was the adventitia, which was marked by proliferation of thick elastic nets and masses of collagen. The elastic fibers were both longitudinal and transverse. Large areas of laking and disruption of tissue were evident throughout the wall. The wall was unevenly involved as in the main pulnmonary artery, there being thick anid thin areas.
Discussion
Congenital absence of the pulmonary valve occurring in tetralogy of Fallot results in a characteristic group of clinical and laboratory findings. Certainly in a eyanotic patient, and, in most acyanotic patients, the presence of the characteristic rough systolic and diastolic murmur and a chest roentgenogram showing an aneurysmally dilated pulmonary artery are usually sufficient to suggest this diagnosis. Additional evidence such as the demonstration of a ventricular septal defect, infundibular pulmonary stenosis, and the aneurysmal pulmonary artery at catheterization and angiocardiography complete the clinical picture.
Three separate types of infundibular stenosis are represented in this patient material: (1) the straight, narrowed conus, (2) the circuitous, narrowed conus, and (3) the large conus with a narrowing of the conus orifice. It would seem, therefore, that absence of the pulmonary valve is not related to any specific type of conus pathology.
Abnormalities in the pulmonary valve are common in tetralogy of Fallot. Spitzer pointed out the frequency of bicuspid pulmonic valve in this complex. Sometimes the valve, although tricuspid, may be abnormally formed. Absence of a functioning valve may be considered the most extreme form of these abnormalities.
Histologically, the effects of an absent pulmonary valve on the walls of the sinuses of Circulation, Volume XXVI, August 1962 I Valsalva and on the pulmonary trunk and its branches are clearly seen. Abortive valvular tissue may be present at the junction of the sinus pocket wall with the myocardium and with the pulmonary artery. The sinus pocket is greatly enlarged at the base of what should have been the pulmonary artery. The wall of this sinus pocket is not embedded firmly in myocardium but is surrounded by epicardium. The pulmonary artery arises above the heart and is anchored to the sinus pocket wall rather than to the heart. This separation of the pulmonary artery "from its moorings" may be imrportant in the formation of the severe dilatation of the main pulmonary trunk in a manner similar to the pathology of congenital aneurysm of the aortic sinus of Valsalva. Campeau, in an excellent review5 of congenital absence of the pulmonary valve, has reported an aneurysm of the left aortic sinus of Valsalva being present in a patient with absence of the pulmonary valve. The presence of the huge aneurysmally dilated pulmonary artery at birth in three of our patients suggests the possibility that absence of the pulmonary valve is associated with this congenital muscular defect at the base of the pulmonary artery. When pulmonary regurgitation occurs without associated anomalies, it has not been associated with giant aneurysmal dilatation of the pulmonary artery. Even when the pulmonary regurgitation is so severe as to cause congestive heart failure and death in the newborn period, the marked aneurysmal enlargement with compression obstruction of the bronchus was not seen.6
In the older patients aneurysmal pulmonary dilatation seems to occur somewhat more distally, involving the right or left pulmonary arteries to a greater extent than the main pulmonary trunk. In these cases the production of the aneurysm may be related more directly to hemodynamic effects of the ventricular septal defect or the infundibular stenosis in the presence of the absent valve.
Summary
A group of cases of tetralogy of Fallot with congenital absence of the pulmonary valve 277 MILLER, LEV, PAUIJL are presented, and it is indicated that this abnornmality presents a characteristic clinical, physiologic, and pathologic syndrome.
It is postulated that the aneurysmal dilatation of the pulmonary artery may result either from a congenital weakness at the base of the pulmonary artery or fronm the hemodynamic effects of a venitricular septal defect and infundibular stenosis in the presence of pulmonary regurgitation.
The absence of the pulmonary valve has not been a deterrent to successful corrective surgery aimed at the basic pathology of tetralogy of Fallot in three cases.
